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Axon guidance: GTPases help axons reach their targets
Gianluca Gallo and Paul C. Letourneau
During development and regeneration of the nervous
system, axons must correctly navigate to their specific
targets through a complex molecular environment.
Recent work has shed light on how GTPases of the Ras
family are involved in transducing extracellular signals
into responses that lead to directed neurite outgrowth.
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Axons and dendrites, collectively referred to as neurites,
navigate through the complex environment of the devel-
oping embryo using a highly specialized structure each of
them has at its end, termed the growth cone. Growth
cones detect and respond to information from their imme-
diate environment. In order to sample molecules in their
vicinity, growth cones extend filopodia and lamellae that
are endowed with sensitive receptors. Although we have
learned much about the cytoskeletal mechanisms that
drive motile activity and about the extracellular signals
that regulate the dynamics of cell behavior, relatively little
is known about how growth cones transduce an extracellu-
lar signal into behavioral responses (Figure 1) [1]. 
One class of molecules whose study promises to yield sub-
stantial insights into axon guidance is the family of Ras-
related GTPases, including Rho, Rac and Cdc42. These
GTPases have been shown to be involved in the reorgani-
zation of the actin cytoskeleton and in the generation of
cell extensions — filopodia and lamellae — in non-neu-
ronal cells (reviewed in [2]), suggesting that these proteins
might also have a role in neuronal growth cones. In this
article, we highlight some recent findings regarding the
function of GTPases in the regulation of growth cone mor-
phology and neurite outgrowth. We will first discuss the
findings of recent studies in vitro, using both neuronal cell
lines and primary neurons, and then data obtained from
studies of GTPase function in vivo, during axonal growth.
Tales from the culture dish
A direct approach has suggested that tensile forces
exerted by growth cones have an important role in regu-
lating the coordinated assembly and reorganization of the
neurite cytoskeleton. When a calibrated micropipette tip
coated with laminin is touched to the surface of a neuron,
it adheres; as the micropipette is slowly pulled away, a
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The growth cone components involved in navigation. Navigation
involves three steps: detection of guidance cues, cytoplasmic
signaling, and motile responses. Each growth cone component
pictured here can be assigned to one of these steps, as follows.
Detection involves perhaps a growth factor or other ligand and the
appropriate receptor, as well as cell adhesion molecules/substratum
adhesion molecules (CAMs/SAMs). Cytoplasmic signaling may involve
Ca2+, protein kinases and phosphatases, Rac, Rho, Cdc42, inositol
trisphosphate (IP3), phosphatidyl inositol phosphate (PIP), and
receptor tyrosine kinases and phosphatases. Motile responses involve
microtubules, actin, myosins, microtubule-associated proteins (MAPs)
and actin-binding proteins (ABPs), as well as the membrane-
associated growth cone protein GAP43.
neurite is drawn out from the cell. In a similar manner,
the tensions generated by growth cone motility induce
neurite formation. Lamoureux et al. [3] have investigated
the role of Rac in such tension-mediated neurite out-
growth by expressing a dominant-negative mutant of Rac
in PC12 phaeochromocytoma cells that had been primed
with nerve growth factor (NGF). The expression of domi-
nant-negative mutant Rac inhibited normal, growth-cone-
mediated neurite growth induced by NGF, but the
formation of tension-induced neurites from PC12 cells
did not differ between cells transfected with the mutant
Rac and controls. Lamoureux and colleagues [3] con-
cluded that, in PC12 cells, Rac is involved in some aspect
of growth cone attachment to the substratum or in the
production of growth cone tension, but not in the conse-
quent reorganization of the microtubule cytoskeleton and
extension of the neurite.
How do the three best-characterized GTPases — Rho,
Rac1 and Cdc42 — interact in regulating axonal growth? A
requirement for Rac1 and Cdc42 in neurite outgrowth and
the production of filopodia and lamellae in N1E-115 neu-
roblastoma cells has been reported by Kozma et al. [4], who
also investigated the role of Rho in neurite outgrowth and
retraction. Neurite outgrowth was induced in neuroblas-
toma cells by microinjection of Clostridium botulinum C3
exoenzyme, a toxin which specifically inactivates Rho. C3-
induced outgrowth was blocked by co-injection of a domi-
nant-negative mutant of either Rac1 or Cdc42. Similarly,
dominant-negative mutants of Rac1 and Cdc42 also
blocked neurite outgrowth in response to serum starvation.
The role of Rho as an inhibitor of neurite outgrowth is
further supported by the findings of Kozma et al. [4] and
others, that inactivation of Rho by C3 also blocks growth
cone collapse induced by the serum signaling molecule
lysophosphatidic acid, whereas microinjection of Rho or a
constitutively active form of Rho causes growth cone col-
lapse. Kozma et al. [4] sum up their findings by suggesting
that Rho is an inhibitor of neurite outgrowth whereas
Cdc42 acts upstream of Rac1 and promotes neurite out-
growth by regulating the formation of growth cone filopo-
dia and lamellae. Thus, neurite outgrowth may be
regulated as the Rho and Cdc42/Rac pathways within
growth cones compete, perhaps for a limited resource,
resulting in either the establishment of growth cone lamel-
lar and filopodial structures (via the Cdc42/Rac pathway)
or the loss of these structures (via the Rho pathway).
The studies described above used model neuronal cell
lines, and it is not always clear that such cell lines faithfully
reproduce the activities of primary neurons. Although the
data regarding the roles of GTPases in neurite outgrowth
in PC12 and N1E-115 cells are in agreement, a study using
embryonic chick dorsal root ganglion (DRG) neurons pro-
duced different results. Jin and Strittmatter [5] report that
C3 stimulates axonal outgrowth from DRG neurons, but
the growth cones of DRG neurons under these conditions
are devoid of lamellae and filopodia, in contrast to the C3-
induced growth cone formation in N1E-115 cells reported
by Kozma et al. [4]. Furthermore, in C3-treated DRG
neurons, the introduction of constitutively active Rho
increased growth cone spreading and decreased the rate of
neurite outgrowth. On the other hand, constitutively
active Rac1 in DRG cells increased the proportion of col-
lapsed growth cones, in contrast to the Rac1-mediated
lamellar formation observed with N1E-115 cells. 
Jin and Strittmatter [5] also investigated the role of
GTPases in the growth cone collapse mediated by the
repellent guidance cue collapsin, and found that col-
lapsin’s actions on growth cones are mediated via Rac1
and not Rho or Cdc42. Given that neither the growth cone
collapse induced by lysophosphatidic acid nor that
induced by myelin was prevented by dominant-negative
mutant Rac1, not all the guidance cues that collapse DRG
growth cones act through Rac1. Jin and Strittmatter [5]
presented a model for the roles of Rho and Rac1 in DRG
growth cone behavior and neurite outgrowth that involves
three states. When outgrowth is slow and growth cones are
mostly collapsed, both Rho and Rac1 are active. When
outgrowth is moderate and growth cones exhibit lamellae
and filopodia, Rho is active and Rac1 is inactive. When
growth is rapid and growth cones are mostly collapsed,
Rho is inactive and Rac1 may be in either state. 
Threadgill et al. [6] investigated the effects of expressing
constitutively active and dominant-negative forms of
Rho, Rac and Cdc42 on dendritic development in cul-
tured cortical neurons. Dendritic formation was reduced
by inhibiting Rho GTPases, and the number of dendrites
was increased by expressing the constitutively active
forms of all three GTPases. Thus, the regional and mor-
phological diversity of cortical neurons may arise from the
differential activation of Rho-related GTPases. Further-
more, although GTPases regulate aspects of growth cone
morphology and axon growth in both model neuronal
cells and primary neurons, they may do so differently, and
care must be taken in extrapolating from results with neu-
ronal cell lines and between neuronal types (see Table 1). 
Tales from the embryo 
Although studies in vitro have provided insights into the
ways in which GTPases are involved in neurite growth,
they do not address whether GTPases are actually impor-
tant in axonal and dendritic growth in vivo. Zipkin et al. [7]
investigated this issue by creating mutants of the nema-
tode Caenorhabditis elegans deficient in the gene encoding a
new Rho family member, Mig-2. The absence of the Mig-2
protein caused a variety of effects on cell migration, but
only subtle effects were noticed in the nervous system.
Strikingly, the outgrowth of one identified neuron (the
hermaphrodite-specific neuron, HSN) was affected by
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mutations that produced constitutively active Mig-2, but
not by Mig-2 loss-of-function mutants. In the former, the
HSN extended long axons that wandered in a seemingly
haphazard fashion along the body wall and did not follow
the correct pathway. Zipkin et al. [7] interpret these effects
of the constitutively active Mig-2 as being the result of
interference with the ability of the HSN growth cone to
interpret the normal guidance cues correctly. Although
intriguing, the findings of Zipkin et al. [7] do not reveal any
obvious requirement for basal Mig-2 levels in vivo. Previ-
ous studies of Drosophila that express constitutively active
and dominant-negative mutant GTPases (reviewed by
Luo et al. [8]) found more widespread effects of Rac1 and
Rho on axonal and dendritic growth, however. So,
GTPases have been shown to have roles in neuronal devel-
opment. But given the complexity of the environment in
vivo and the multitude of receptor and signaling pathways
activated at any given time in growth cones, studies with
mutants may often reveal only subtle effects, as several
redundant mechanisms could act in parallel to guide axons
correctly, even in the absence of individual GTPases. 
In summary, GTPases of the Ras superfamily have been
shown to be involved in the regulation of axonal growth.
Although recent publications have provided us with
insights into the roles of Rho, Rac and Cdc42 in the mech-
anisms underlying axonal growth, many questions remain
unanswered. For example, by what mechanisms do extra-
cellular cues activate GTPases in growing neurites? How
do the GTPases interact with other signaling pathways
activated during neuritic growth, such as cell adhesion
molecules and neurotrophins? How many more GTPases
are involved in neurite growth and guidance? How do
GTPases interact — are they in series or in parallel? How
are GTPases involved in the refinement of neuronal con-
nectivity patterns? Are GTPases involved only in growth-
cone-mediated growth and guidance or also in the
formation of collateral branches of neurons? Given the
resourcefulness and creativity of investigators in this very
active field, answers to these questions surely lie in the
not-too-distant future.
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Table 1
A summary of the effects of Rho, Rac and Cdc42 on neurite outgrowth in cultured cells and neurons.
GTPase Activity Cell type Effect on neurites Reference
Rho Dominant-negative (inactive) mutant Cortical neurons Decreased numbers of dendrites [6]
C3 toxin injection (inactivation) NIE-115 cell line Stimulation of growth cone motility and outgrowth [4]
C3 toxin injection (inactivation) DRG neurons Stimulation of outgrowth [5]
Constitutively active Cortical neurons Increased numbers of dendrites [6]
Constitutively active NIE-115 cell line Growth cone collapse [4]
Rac Dominant-negative (inactive) mutant PC12 cell line Inhibition of outgrowth [3]
Dominant-negative (inactive) mutant Cortical neurons Decreased numbers of dendrites [6]
Dominant-negative (inactive) mutant NIE-115 cell line Inhibition of C3- or serum-induced outgrowth [4]
Constitutively active Cortical neurons Increased numbers of dendrites [6]
Constitutively active NIE-115 cell line Growth cone collapse [4]
Constitutively active DRG neurons Growth cone collapse [5]
Cdc42 Dominant-negative (inactive) mutant Cortical neurons Decreased numbers of dendrites [6]
Dominant-negative (inactive) mutant NIE-115 cell line Inhibition of C3- or serum-induced outgrowth [4]
Constitutively active Cortical neurons Increased numbers of dendrites [6]
Constitutively active NIE-115 cell line Growth cone collapse [4]
